Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has high resolution, so provides a viable method to characterize extremely complex mixtures. The molecular formulas of individual components are determined simply by accurate mass measurement. Here, recent advances in FT-ICR MS application to pe troleum derived heavy materials are reviewed after a brief introduction of the features and history of FT-ICR MS. Advantages and limitations of ionization techniques, such as electron ionization (EI), electrospray ionization (ESI), field desorption (FD), and liquid secondary ionization (LSI), connected to FT-ICR MS are evaluated by ap plication to petroleum derived materials. Our improved ionization techniques are also explained to adapt very complex petroleum derived samples, ex., to suppress fragmentation and to accelerate vaporization in EI, and to de tect specific compounds selectively in ESI. Characterization procedures to estimate the structural features of components can be based on heteroatom composition, carbon number and Z-value (hydrogen deficiency index, as a measure of degree of aromatic ring condensation), through spectral analysis using the Kendrick mass. Such characterization can be applied to estimate structural changes of components during hydroprocessing.
Introduction
pipes 2) . Fragmentation of the ionized sample is the essential problem with the application of EI to petroAnalysis of the components of petroleum derivatives leum related samples. The acquired mass spectra are has relied on fractionation, e.g., distillation or column complicated by fragmentation peaks, so correct assign chromatography. However, the various analytical ment of the parent peaks to the intact components techniques, such as density, distillation characteristics, becomes quite difficult. nuclear magnetic resonance (NMR), or vapor pressure
The introduction of the double focusing sector type osmometry, provide only bulk and averaged structural mass spectrometer allowed further investigation of the information even after fractionation because of the characterization of heavy distillate by high resolution extreme complexity of petroleum. Mass spectrometry mass spectrometry. The use of on-line LC/MS com coupled with two dimensional gas chromatography has bined with low-voltage electron-impact ionization (LV the potential to identify individual components con-EI) medium resolution mass spectrometry (MRMS) and tained in light fractions of petroleum distillates (gasoadvanced analytical data handling procedures could line and kerosene) 1) . Applications of this approach to provide in-depth molecular level characterization of heavy distillate have been unsuccessful, so development high-boiling petroleum and synthetic fuel fractions 3) . of new techniques still remains a challenging research Fragmentation was reduced to some extent by using topic.
LV-EI, but different soft ionization techniques are desirThe first applications of mass spectrometry to heavy able for petroleum chemistry because of the restrictions oil analysis used low or middle resolution mass spectromof sample volatility in EI. Field ionization (FI) and eter coupled with electron ionization (EI). Highfield desorption (FD) ionization were candidates to temperature GC (HTGC) was used to analyze a series overcome such defects at that time. Atmospheric resi of hydrocarbons up to C75 in several geochemical samdues (AR) were analyzed from a variety of resources by ples, including oils and waxes precipitated in drill stem FI-MS. The AR samples were separated by boiling point and each fraction was further divided by aromatic ＊ To whom correspondence should be addressed.
ring size and polarity. These research was the first to ＊ E-mail: keiko@jaist.ac.jp, miyake@jaist.ac.jp characterize the comprehensive components of heavy oil by mass spectrometry 4), 5) . Development of other soft ionization techniques, such as thermospray ionization (TSP), electrospray ion ization (ESI), and atmospheric pressure chemical ion ization (APCI), extended the range of target compo nents in heavy oil. Components with boiling range＞ 565℃ could be analyzed using on-line LC TSP mass spectrometry 6) . TSP selectively ionizes the aromatic hydrocarbons by protonation, but does not ionize satu rated hydrocarbons. The facilitate method is based on using LC-TSP/MS to estimate the distribution of mo lecular weights and group types. Chemical ionization, liquid secondary ionization (fast atom (ion) bombard ment), APCI, and ESI were evaluated in both positive and negative ion modes for the determination of the molecular distribution of naphthenic acids (without de rivatization) in crude oils 7) . Early application of ESI in petroleum analysis was begun with the detection of porphyrins as biomarkers 8) . Jet fuel was characterized by ESI coupled with the triple quadrupole mass spec trometer. Therefore, a new range of information can now be obtained about the composition of polar spe cies 9) . Such soft ionization techniques, especially ESI, can detect trace amounts of polar components (containing S, N, and O) in petroleum related materials, and so has the potential to detect catalyst poisons or sedimentation species during storage. However, these trace species with multi-heteroatoms result in extremely complex spectra so multiple-stage chromatographic separations are required. Therefore, much higher spectral resolu tion is desired for advanced analysis of heavy petro leum distillates.
Fourier transform ion cyclotron resonance mass spec trometry (FT-ICR MS) provides the highest mass spec tral resolution at present. Here, recent advances in the application and effectiveness of FT-ICR MS to charac terize heavy petroleum derivatives are reviewed. The advantages of FT-ICR MS, procedures for selective analysis of targeted compounds from very complex spectra, and the latest research topics related to features of ionization procedures coupled with FT-ICR MS are discussed. In particular, our new strategies to detect targeted components efficiently by selection of ioniza tion technique are interpreted.
Advantages of FT-ICR MS for Petroleum Analysis
FT-ICR MS measures the cyclotron frequency of rotating ions in a homogeneous magnetic field, resulting in ultra-high resolution and highly accurate mass mea surements with errors of less than 1 ppm 10) . Therefore, components in petroleum samples can be determined without the need for prior separation. The ESI FT ICR mass spectrum of Arabian heavy vacuum gas oil (AH-VGO) is shown in Fig. 1 as a typical example. The sample was not fractionated by chromatography. Over a thousand peaks were resolved and identified by a single acquisition procedure. The characterization method will be discussed in detail later. Figure 2 shows the mass-scale expanded segment at m/z 251. To demonstrate the high resolution requirement for pe troleum analysis, the acquired free induced decay (FID) was processed at different data points. The number of baseline resolved peaks increased with higher resolu tion (resolution value is shown in the figure) . The spectra shown in Fig. 2 -(d) and 2-(e), which are com parable to those obtained by commercially available TOF mass spectrometry, do not have adequate resolution for petroleum analysis, since the observed single peak of No. 3 in Fig. 2 -(e) consists of several different peaks (i.e., different compounds) from No. 4 to 12 in Fig. 2-(a) , which correspond to the resolution of FT-ICR MS. Such peak coalescence in Fig. 2 -(e) causes problems in the determination of peak position (mass value), lead-ing to incorrect assignment of components in the petro leum distillate. Thus, characterization of individual components in the petroleum distillate requires high resolution. FT-ICR MS provides the highest mass res olution now available ( Fig. 2-(a) ) and is one of the most effective methods to analyze heavy petroleum ma terials.
Application of In-beam EI FT-ICR MS for AR, VGO, and Vacuum Residue (VR)
EI is conventionally used ionization technique, which is usually coupled with gas chromatography, and is applied for characterizing gasoline, kerosene and gas oil. EI is effective for generating ions of a wide range of compounds that vaporize by heating, including both aliphatic and aromatic hydrocarbons with or without hetero atoms (sulfur, oxygen and/or nitrogen). EI FT ICR MS with 3 T superconducting magnet (SCM) was used to analyze a crude oil fraction 11) and a virgin vacuum gas oil 12) . There was difficulty in acquiring high-resolution mass spectra over the full mass range due to the resolution at the relatively low magnetic field strength in both cases, and small segments of the mass range had to be collected at a time. The resolution of FT-ICR MS was improved by increasing the magnetic field to 5.6 T SCM in the compositional analysis of raw diesel fuel 13) . Different boiling cuts of VGO were characterized by 7 T SCM with low voltage EI to sup press fragmentation and demonstrated an increase in the observed mass range up to m/z 500 depending on the boiling temperature of the VGO cut 14) . Heavy distillate is believed to contain much higher molecular weight species than m/z 500 4) . Detailed characterization of much heavier petroleum distillate is anticipated in the petroleum, plant and catalyst indus tries for effective utilization of heavy oil. However, the vaporization points of those molecules are generally higher than their pyrolysis points, so analyte molecules are decomposed faster than vaporized by the increasing temperature on the sample probe in conventional EI 17) . Consequently, the mass spectra are complicated by fragmentary or decomposed ion peaks, especially in pe troleum analysis. In particular, VR contains high boil ing fractions in which many constituents are unioni zable and undetectable by conventional EI-MS. Inbeam electron ionization (in-beam EI) 15) and desorption electron ionization (desorption EI or DEI) 16) are ap proaches to analyze such nonvolatile and thermally un stable molecules using a conventional EI source. The sample on Pt wire or Re filament attached to the sample probe is placed close to the electron beam to cause ion ization immediately after vaporization. As advanced EI techniques, application of in-beam EI to VR is shown below.
Unfortunately, effective ionization by in-beam EI, firstly applied to un-fractionated Arabian heavy vacuum residue (AH-VR), was unsuccessful 18) , presumably because the boiling point of the VR sample (above 565℃) is far higher than the maximum operating probe temperature (～350℃). Considering the pressure of the ionization source (～10 -8 bar, 1 bar＝10 5 Pa), some of the components in AH-VR can be vaporized and de tected since the component with boiling point of 565℃ can be vaporized below 350℃ at ～10 -8 bar based on the temperature-pressure nomograph. Increase of the vaporization temperature of components by complex ation with co-existing compounds may be one possible reason. Van der Waals interactions between highlydeveloped aromatic hydrocarbons and hydrogen bond ing or other types of polar interaction further increase the vaporization temperatures of individual components. In fact, recent heavy oil (asphaltene and bitumen) meas urements by mass spectrometry have revealed a tend ency to aggregation of these heavy oils 19 ), 20) . In-beam EI FT-ICR MS has been successfully applied to the sat urate fraction of AH-VR, with reduced molecular inter action, as described below.
1. Effect of Ionization Energy and Probe
Temperature on In-beam EI FT-ICR Mass Spectra Electron beams at 70 eV are conventionally adopted to irradiate the vaporized sample for EI since this energy can ionize most organic molecules with the maximum ionization efficiency 21) . High electron energy facili tates the ionization of a range of components and in creases the signal intensity of the acquired mass spec tra. However, high electron energy accelerates the fragmentation of ionized molecules, resulting in com plicated spectra, especially for petroleum samples. GC/MS with EI is applicable to the characterization of light distillate but is not suitable for heavy distillate because of the difficulty of sample vaporization in the injection region of the GC. Irradiation with lower electron energy is the first approach to suppress molec ular fragmentation during in-beam EI FT-ICR MS mea surement 18) . The mass spectra of the saturate fraction of AH-VR (AH-VR-Sa) were measured at various ion ization energies with fixed probe temperature of 200℃. No peaks were detected with the ionization energy below 30 eV. However, almost 600 distinguishable peaks originating from the components of AH-VR-Sa were observed up to around m/z 400 with electron energy of 30-50 eV as shown in Fig. 3 . These spectra had a bimodal distribution with mode m/z values at around 150 and 300. The peak intensities increased over the whole detected range with increased ionization energy. Relative peak intensities below m/z 200 in creased with higher ionization energy from 30 to 50 eV. On the other hand, relative peak intensities over m/z 250 decreased with higher ionization energy. The tend ency observed for low m/z may reflect the enhanced The effects of probe temperature on the mass spectra of AH-VR-Sa were examined to identify suitable condi tions 18) . The segmented mass spectra obtained using various probe temperatures from 150 to 350℃ at the fixed ionization energy of 30 eV are shown in Fig. 4 . Increased probe temperature resulted in decreased rela tive intensity at less than m/z 400, and the detectable peak range extended to higher m/z values up to m/z 700 at 350℃. Characterization of the heavy ends, such as vacuum residue or asphaltene, requires high probe tem peratures to vaporize high molecular weight species, but the probe temperature should also chosen to prevent thermal decomposition of the small molecules which are also contained in heavy oil.
2. Components Detected by In-beam EI FT-ICR
Mass Spectra Figure 5 shows the in-beam EI FT-ICR mass spectra of the saturate fractions of AR, VGO and VR (heptane soluble fraction) of Kuwait heavy oil acquired at ioniza tion energy of 16 eV and probe temperature of 300℃. The mass spectra of AR and VGO contained peaks up to m/z 500. The mass range of VGO was similar to that found using conventional EI 14) . The upper mass l i m i t o f V R e x t e n d e d o v e r m / z 700 i n F i g . 5. Therefore, in-beam EI has the potential to characterize much heavier petroleum distillate. Table 1 shows the estimated molecular formulas based on the peaks de tected in the in-beam EI FT-ICR mass spectra of AR, VGO, and VR. The peaks with odd masses were frag ment ions derived from larger species, since EI often yields [M] ＋ ions of odd-electron species in the positive ion mode. The molecular formulas were determined based on the accurate mass values for all the peaks ob served in the whole mass range shown in Fig. 5 . The detected compounds (classes) were hydrocarbons and one sulfur-containing compound. No fragment peaks of sulfur containing compounds were detected, so the sulfur atom may be located within an aromatic ring but not in a side chain 22) . Figure 6 summarizes the compound (type) distribu tions in each compound class. Although only saturate fractions of AR, VGO and VR were measured, the ob tained carbon number distributions reflect the prepara tion conditions of the samples. Carbon number of the hydrocarbons ranged to 35 in VGO and to 51 in VR mass spectra. Compounds with up to five aromatic rings (Z-value＝-30) were detected in VGO and VR. Benzothiophenes (Z-value＝-10) were observed in both VGO and VR, and dibenzothiophenes (Z-value＝ -16) were observed only in VGO. Dibenzothiophene derivatives were not detected in VR, in accord with our previous AH-VR measurements by in-beam EI 18) . Since VGO and VR are vacuum distillation fractions of AR, the distribution of the compounds derived from AR should be equivalent to superpositioning of both VGO and VR. The distribution of VGO shows lower major Z-value (Z＝-16) than AR (Z＝-10) in Fig. 6 . The mechanism of this observation remains unclear, but the ionization energy of the compounds may be involved, as the ionization energy of dibenzothiophenes is lower than that of benzothiophenes. The concentration of dibenzothiophenes exceeded the detection limit of inbeam EI FT-ICR MS in VGO by chromatographic sepa ration, although the amount of dibenzothiophenes is lower than that of benzothiophenes.
Application of ESI FT-ICR MS
ESI has been preferentially applied for biological materials with large molecular weights since ESI is effective to ionize molecules with polar functional groups, which tend to protonate, without causing frag mentation. Petroleum largely consists of nonpolar hydrocarbons, so ESI has not been considered suitable. The high sensitivity of ESI has a significant advantage for the analysis of the minor polar compounds with heteroatoms present in petroleum, which cause signifi cant deactivation of catalysts during upgrading 23) . We have succeeded in applying ESI FT-ICR MS to the characterization of Arabian mix vacuum residue (AM VR) 24) . Since then, over 20 further reports have ap peared 11),25)～46) . Currently, ESI-MS is the most pow erful analytical tool for the characterization of the polar components in petroleum.
1. Characterization of Vacuum Residues from
Different Geological Sources The structural characteristics of the components of five vacuum residues from different geological sources (Taching (TC-VR), Sumatra light (SL-VR), Iranian heavy (IH-VR), AM-VR, and Murban vacuum residues (MB-VR)) were investigated by ESI FT-ICR MS without chromatographic pre-separation (Fig. 7) 33)
. The mass spectra showed differences in both average molecular weight and detection range depending on the origin ( Table 2 ). Figure 8 shows the expanded spectra of VRs in the ranges of 468＜m/z＜474 and 624＜m/z＜ 630. Three series of patterns in peak intensities are usually observed for petroleum spectra: the isotopic peak pattern ( 12 C _13 C: 1.003 u), every additional ring or double bond in the loss of two hydrogen atoms (2H: 2.015 u), and every additional methylene in the side chains (CH2: 14.015 u). The isotopic peak and the ring or double bond difference patterns were observed in Fig. 8 . The peak intensity pattern depended on the geological source. These peak patterns and accurate masses were used to estimate the molecular formulas as mentioned above ( Table 3 ). All observed peaks in Fig. 8 were assigned to N-containing compounds or NS-containing compounds. Homologue analysis for all estimated molecular formulas showed both analo gies and peculiarities in the components of the five vac uum residues. Every observed compound was sorted by hydrogen deficiency index (Z-value: [CnH2n＋ZNmSs ＋H] ＋ ) and carbon number (only TC-VR are shown in Fig. 9 ). The center of distribution for the Z-values de pended on the origin and the maximum value decreased as follows:
TC-VR (-17)＞SL-VR (-19)＞IH-VR (-21)≥AM-VR (-21)＞MB-VR (-25). TC-VR
The spectral patterns are consistent in peak position but have different peak intensity for (a) TC-VR, (b) SL-VR, (c) IH-VR, (d) AM-VR, and (e) MB-VR. .
2. Characterization of Feed and Hydroprocessed
Oil Molecular formulas of the components in feed and catalytically processed deasphalted oils were character ized by ESI FT-ICR MS 45) . The processed oil samples were prepared over a zeolite catalyst at three reaction t e m p e r a t u r e s (370, 380, a n d 390℃) ( F i g . 10) . Molecular formulas for the detected peaks were calcu lated using peak pattern and accurate mass, as well as vacuum residues from different geological sources ( Table 4) . N-containing compounds were detected as the predominant species together with minor amounts of NS-containing compounds in every sample. The compound types of the detected species in processed deasphalted oil decreased as the reaction temperature increased. The type distribution was investigated for N-containing compounds. The Z-value distribution of the peaks assigned to [C56H112-ZN＋H] ＋ was conver gent in its compounds with Z＝-25 with increasing reaction temperature (Fig. 11) . Probable structures with Z＝-25 are shown in Fig. 12 . Although struc tural isomers cannot be distinguished by mass spec trometry alone, aromatic ring size calculated from Z-value and side chain length can provide a reference index of catalyst refractory components. Therefore, ESI FT-ICR analyses may allow evaluation of chemical reactions occurring during upgrading. As stated previ ously in this section, ESI is extremely sensitive to polar components in petroleum. The feed oil contains over 2000 ppm nitrogen, whereas the deasphalted oil proc essed at 390℃ contains only 110 ppm nitrogen. Characterization of petroleum distillate by ESI FT-ICR MS has the advantages of obtaining both the molecular formula of each polar component and detecting trace amounts.
3. Detection of Polyaromatic Hydrocarbons by ESI FT-ICR MS
As explained above, most polar constituents in petro leum materials can be characterized by ESI, and hydro carbons and sulfur-containing compounds can be char acterized by EI FT-ICR MS. However, completely fragment-free mass spectra are still difficult to acquire for hydrocarbons and sulfur-containing compounds by EI even at low ionization energy 14) ,18) . Application of ESI, which is known for soft ionization, to nonpolar compounds has been studied by complexation with cat ions or electron subtraction from the molecular ions. Transition metal ions used for complexation with polyaromatic hydrocarbons have several isotopes, such Insets show the expanded view around m/z 585. Ag and 109 Ag. Isotopes reflected peak intensity pattern observed from the aromatic fraction of vacuum residues but isotopic peaks complicate the spectra for elemental analysis 48) . The viability of ESI MS with out transition metal adduction for the analysis of poly cyclic aromatic hydrocarbons was investigated 49) . Aromatic hydrocarbons were ionized as radical cations in the ESI solvent (methylene chloride) containing tri fluoroacetic acid (TFA), 2,3-dichloro-5,6-dicyano-p benzoquinone (DDQ), or antimony pentafluoride 50) . By modifying this method, AM-VR were measured by ESI with addition of TFA ( Fig. 13-(b) ). Figure 13-(a) shows the ESI FT-ICR mass spectrum of AM-VR using methanol/chloroform for comparison. Both mass spectra show single-mode distribution but the mode value of the distribution in methanol/chloro form/TFA has shifted toward higher m/z of 800 com pared to that in methanol/chloroform. The detected species in Fig. 13-(a) were polar compounds as stated above. Addition of TFA made possible the detection of new species which cannot be detected by using methanol/ chloroform as a solvent. Molecular formulas for m/z＝ 585.4427, 587.3633, and 649.4743 were determined in a similar way for the peaks with even masses ( Table 5) . The peaks with odd masses were assigned to protonated or sodium-ion attached hydrocarbons without hetero atoms. The observed spectral distribution shift also suggested that the detected species were hydrocarbons, since the hydrocarbon fraction showed higher molecu lar weight than the heteroatom fraction with the same Atmospheric Equivalent Boiling Point (AEBP) 5) . The results of the peak analysis of all odd masses observed in the range of 570＜m/z＜670 in Fig. 13-(b) are sum marized in Fig. 14 . Hydrocarbons with carbon num bers from 41 to 49 were detected, and the Z values ranged from -54 to -8, which corresponded to 1-10 aromatic rings. Several maxima with different Z values were observed for each carbon number as shown in Fig. 14; i.e., the distribution of Z value of hydrocar bons was broader. The profile also suggests that com pounds with a wide variety of aromatic structures were present. The possibility of hydrocarbon detection by Molecules with the same carbon number, determined by the molecu lar formulas, are linked with a dashed line; C41 (○), C42 (■), C43 (◇), C44 (＋), C45 (▲), C46 (•), C47 (□), C48 (◆), and C49 (△). ESI was demonstrated by selecting the appropriate sol vent composition (methanol/chloroform/TFA). Detection of hydrocarbons by selecting the solvent composition illustrates the possibility of complete char acterization of petroleum distillate by ESI, but spectra which reflect the amounts of the constituents are still difficult to acquire because of the difference of ioniza tion efficiency in each compounds. Simultaneous de tection of both hydrocarbons and polar components is desirable, and potential ionization techniques are dis cussed below.
Application of Other Ionization Techniques
Field ionization (FI) and field desorption ionization (FD) have been used for the characterization of crude oil and petroleum distillates, since hydrocarbons and even saturated hydrocarbons can be ionized with no or little fragmentation 51),52) . FD ionization coupled with 9.4T FT-ICR MS was applied to VGO, FCC bottoms and coker VGO 53) . Although FD is known to undergo soft ionization, substantial fragmentation was observed from paraffin molecules during the external accumula tion event. Therefore, focus on the aromatic fraction revealed that FCC bottoms contained larger aromatic rings than VGO and shorter aliphatic chain length. Liquid secondary ionization (LSI) is another option to detect both hydrocarbons and polar components. LSI requires simple sample preparation procedures com pared to FD. The sample is just mixed up with matrix compounds (3-nitrobenzylalcohol) and loaded on the probe tip. Ionization capacity of LSI for the constitu ents of vacuum residue was examined using model compounds; carbazole, acridine, pyrene, and coronene. Similar to the ESI model experiment, the peaks were detected as molecular ions, except for acridine which was detected as protonated, and all peaks were detected without fragmentation. The peak intensity of the model compounds were observed in equal intensity in the LSI mass spectrum whether the model compounds con tained nitrogen or not. We cannot conclude that all the components responded equally, but clearly LSI has con siderable potential to reflect the individual amounts of the components. The FT-ICR mass spectrum of AM VR ionized by LSI is shown in Fig. 15 . The mass scale expanded segment of the AM-VR LSI mass spec trum is shown in the Fig. 15 inset. Molecular formu las for the peaks in the expanded segment were calcu lated from the m/z values and shown in Table 6 . Both hydrocarbons and heteroatom-containing compounds were detected simultaneously. The compound classes detected in the AM-VR LSI FT-ICR mass spectrum are summarized in Fig. 16 . Hydrocarbons and S-containing compounds were major constituents in AM-VR. Extraction of the sulfur content from mass spectra and comparison of those values with elemental analysis in dicated that although the calculated value did not reflect the ionization efficiency of each compound, the two data sets are in reasonable agreement 53) . The sulfur content (as weight％) was calculated from the LSI FT ICR mass spectrum. Sulfur content from the mass spectrum (5.0％) was comparable to the findings of the elemental analysis (5.2％) as well as the FD results above. Therefore, LSI FT-ICR MS also has consider able potential for the quantitative analysis of petroleum components.
Inset shows mass scale expansion 263＜m/z＜266. 
Kendrick Mass for Data Analysis
Assignment of the thousands of peaks detected in pe troleum FT-ICR mass spectra is extremely laborious and time consuming. To facilitate the characterization of peaks in a very complex spectrum, one useful method is to search for analogous peak groups already identi fied. Kendrick mass is frequently adopted for analysis of petroleum-related samples 54 Table 7 , where all the com- Table 7 has the same KMD (126.5) and share the same compound class (N) and type (number of rings plus double bonds＝10). Such KMD value (126.5) is spe cific to these sequence of compounds. The conversion of m/z by KMD processes can be automatically con ducted using spreadsheet software, such as Microsoft Excel and macro commands.
Conclusions
The advantages of FT-ICR MS, and strengths and limitations of various ionization techniques for charac terization of components in petroleum samples, were reviewed by application to various petroleum distillates and processed oils. The high resolution of FT-ICR MS provides rapid compositional assessments of com plex mixtures since the molecular formulas of compo nents can be calculated simply from accurate mass values. In-beam EI and low voltage EI can character ize hydrocarbons and S-containing compounds without chromatographic separation. These species are major components in petroleum distillates. Compounds with over m/z 500 can also be analyzed by in-beam EI with careful selection of the experimental conditions. ESI can characterize the polar components which are pres ent in trace amounts in petroleum samples and reveal the various compound classes involved even in proc essed oils. FD and LSI can characterize both hydro carbons and polar constituents. Various compounds contained in petroleum samples can be analyzed by FT ICR MS coupled with these ionization techniques. Evolution of ionization or detection methods are ex pected to overcome the above limitations of mass spec trometry for the characterization of petroleum samples by application to FT-ICR MS.
The next step for the characterization of petroleum is quantitative analysis and characterization of isomers. FD and LSI can provide semi-quantitative analysis of S-containing compounds. Hyphenated techniques, such as liquid chromatography, and increasing magnet ic field strength may overcome this limitation. FT ICR MS can be used in tandem mass spectrometry for isomer analysis, but the amount of ions with certain m/z in the ICR cell is not sufficient to detect the product ion spectrum. Isolation by quadrupole before MS/MS in the ICR cell is one of the potential solutions for isomer analysis 56) . MS/MS measurement is not enough for complete characterization of the isomers since about 50 fragment peaks are detected from a single precursor peak. Combination with other characterization tech niques including computer simulation may provide more detailed compositional information of petroleum samples. 
